The aim of this work was to study the effect of ultrasonic pretreatment on sludge digestion, particle size distribution (PSD), and dewaterability of digestates (measured by capillary suction time (CST) and specific resistance to filtration (SRF)). Sludge was pretreated with ultrasound (24 kHz) at an energy dosage of 4300 kJ/kg TS. Digestibility of sludge was increased by ultrasound pretreatment resulting in a higher specific methane production (SMP). The digestate of pretreated waste activated sludge (WAS) obtained under batch conditions presented a better dewatering performance. Digestion under semi-continuous conditions was evaluated using sewage sludge (mixture of primary sludge and WAS). In this case, digestates presented a much higher mean particle size for both cases evaluated (pretreated and non-pretreated) than that obtained under batch conditions. A wide PSD was a characteristic of these digestate samples. Flow dynamics inside the reactor resulted in the presence of high-diameter flocs, thus significantly affecting the mean particle size and specific surface area (SSA) values.
Introduction
The management of sewage sludge in wastewater treatment plants (WWTPs) is currently an issue of great concern. The treatment and disposal of sludge may represent up to 50% of plant operating costs. Anaerobic digestion (AD) is a well-known technique that is used for the valorization of sludge. This process is usually the preferred stabilization method due to low operating costs and biogas production. In addition, sludge dewatering, which is highly affected by the treatment option of sludge, is also an important issue for decreasing sludge volume and, consequently, reducing the operating cost in WWTPs. Dewatering is a difficult and costly process in wastewater treatment. The process is mainly carried out by physical separation, and presents a variable efficiency based on the nature of the sludge. Even though anaerobic digestion has many advantages, it may adversely affect sludge dewaterability [1] .
Anaerobic digesters in WWTPs generally treat a mixture of primary and secondary (waste-activated) sludge. However, waste activated sludge (WAS) is known to be more difficult to digest than primary sludge (PS) [2] . It has been reported that hydrolysis is the rate-limiting step in anaerobic digestion [3, 4] . Extracellular polymeric substances (EPS) and microbial cells are recalcitrant to direct hydrolysis, and therefore, the pretreatment of sludge is required to rupture the cell walls, to facilitate the release of intracellular material into the aqueous phase and accelerate the low rate of biodegradation, and to enhance anaerobic digestion [5] .
Different pretreatment methods have been studied to improve the anaerobic degradability of sewage sludge including thermal hydrolysis, ozone oxidation, alkaline hydrolysis, and ultrasound [6] [7] [8] [9] . Among these, ultrasonication is a well-known method to break-up microbial cells and to extract intracellular material [10] . Several authors have reported an increase in biogas production when applying this type of pretreatment [5, 7, 11] . The impact of ultrasound waves on a liquid causes the periodical compression and rarefaction of the medium [10] . The result of the mechanical phenomenon on sludge depends on the duration and power applied during the pretreatment, which equates to the specific energy [12] . Other effects of ultrasonic energy application include acoustic streaming, local heating, interface instabilities, agitation, and cavitation. These combined effects facilitate the migration of moisture through natural channels or through those created by wave propagation. This effect could be useful in dewatering suspensions with a high concentration of fine particles such as slurries and sludge [13] . Feng and co-workers [14] associated low-frequency ultrasounds with the ability of sludge particles to aggregate, thereby making dewatering easier.
The size of particles comprising the sludge has a great influence on its degradability and dewaterability. In addition, rheological properties of sludge may be related to the treatment process it has undergone. In this sense, the course of digestion may affect the physical properties of sludge and, in turn, the distribution of particle size may be used to predict the state of a digestion process. This study was conducted to investigate the effect of ultrasound pretreatment of sewage sludge during digestion on methane production and dewatering parameters. Particle size analysis was used to evaluate changes in the particle size distribution (PSD) at different stages of digestion.
Materials and Methods

Substrates and Digestion Tests
WAS, PS, and digested sludge were obtained from the WWTP of the city of Cáceres. Digested sludge was used as the inoculum. This sludge had a total solid (TS) content of 9.4 g/L and a volatile solid (VS) concentration of 7.4 g/L. WAS and sewage sludge (SS-a mixture of PS and WAS at 30:70 v/v) were used as feed. The substrates and inoculum were concentrated to a solid content between 40 and 50 g TS/L by centrifugation. Table 1 shows the main characteristics of the substrates used. The biochemical methane potential (BMP) of substrates was determined using batch reactors (250 mL Erlenmeyer flasks) at 35 ± 1 °C, and agitation was provided by means of magnetic stirrers. Reactors were filled with inoculum and substrate at a VS ratio (inoculum/substrate) of 1.5:1. A reactor containing inoculum was used as the blank. Three replicates were used for each BMP test and blank. Digestion systems were denoted in accordance with substrates evaluated (either PS, WAS, or SS). BMP tests were also carried out for ultrasound-pretreated samples of WAS and SS. These tests were denoted as U_WAS and U_SS. The evolution of PSD was also evaluated in batch tests for WAS and U_WAS digestion systems.
A semi-continuous reactor was operated using completely stirred reactors (working volume of 3 L at 35 ± 1 °C). This reactor was evaluated using SS as the substrate at a hydraulic retention time (HRT) of 21 days for a 100-day period. Data selected for evaluating performance were those obtained during the last 40 days of the experiment (organic loading rate (OLR) of 1.8 g VS/L day). Subsequently, pretreated SS was used as the feed. The reactor worked for 100 days. The reactor performance was evaluated at the same OLR using average data obtained during the last 45 days of the experiment. Reactors were denoted R_SS and RU_SS.
Ultrasound Pretreatment
A UP400S (Dr. Hielscher, Teltow, Germany) ultrasonic processor operating at a nominal power of 300 W and 24 kHz was used. Energy input was 4300 kJ/kg TS based on previous results of Martinez et al. [15] and Feng et al. [14] .
Analytical Techniques
TS, VS, and pH were determined in accordance with American Public Health Association (APHA) Standard Methods [16] . Nitrogen concentration was measured by the Kjeldahl method. Organic matter was analyzed in accordance with the Walkley-Black method. The composition of biogas was regularly monitored during the digestion process and was analyzed as described by Martinez et al. [17] , using a gas chromatograph (Varian CP3800 GC) equipped with a thermal conductivity detector. A packed column (HayeSep Q 80/100; 4 m) followed by a molecular-sieve column (1 m) was used to separate CH4, CO2, N2, H2, and O2. The carrier gas was helium, and the columns were operated at a pressure of 331 kPa and a temperature of 50 °C. Volatile fatty acids (VFAs) were measured using the same gas chromatograph with a flame ionization detector (FID) equipped with a Nukol capillary column (30 m × 0.25 mm × 0.25 μm) from Supelco. The carrier gas was helium. The injector and detector temperatures were 220 °C and 250 °C, respectively. The oven temperature was set to 150 °C for 3 min and increased to 180 °C with a ramp of 10 °C/min. The system was calibrated with a mixture of standard volatile acids from Supelco (for the analysis of fatty acids C2 to C7). Samples were previously centrifuged (10 min, 3500× g) and the supernatant was filtered through 0.45 μm cellulose filters.
Capillary suction time (CST) was measured using a 5 mL sample of sludge that was poured into a stainless steel tube (1.0 cm inner diameter) in contact with Whatman No. 17 chromatography-grade paper. CST was defined as the time required for the wetting front to pass from the first radius located at 1.0 cm of the cylindrical reservoir to the second radius at 3.0 cm. Seven replicates were used. The CST values were normalized by dividing them by the TSS concentration and then expressed in units of seconds per liter per gram of total suspended solids (TSS). These values were denoted as CSTs.
Specific resistance to filtration (SRF) was measured using a 9 cm standard Buchner funnel (fitted to a constant vacuum pressure) into which the sludge sample was poured. Filtrate volume and filtration time were recorded. SRF was calculated as the slope of the linear plot of volume vs. time/volume [18] . The water content of the sludge cake trapped by the filter paper was measured in accordance with standard methods [16] . Seven replicates were used.
Free and bound water in sludge was measured using a thickened sludge sample that was centrifuged at 3500 g for 10 min. A subsample was collected for drying at a constant airflow of 300 mL/min at 105 °C [19] using a TA Instruments thermobalance. The water distribution was derived from the curve of drying time vs. water content (mass of water/mass of solids) of the sample. Three replicates were used for obtaining the curve.
Particle size analysis was carried out using a Beckmann Coulter LS 13 320 laser diffraction particle size analyzer. The LS 13 320 is equipped with an optical bench and a universal liquid module to measure the size distribution of particles. The scatter generated by the particles is estimated based on the Fraunhofer optical model. Samples were previously diluted in tap water for analysis. Ten measurements were performed for each sample. Inoculum, substrates, and digestates were analyzed. PSD measurements on samples prior to and after digestion were denoted by adding the term "initial" or "digestate" to the abbreviation, indicating the substrate. The evolution of PSD in batch tests was studied during batch digestion of WAS and U-WAS. Samples were taken at the beginning of the batch experiments (WAS_D0, U_WAS_D0), after 14 days (WAS_D14, U_WAS_D14), and at the end of the batch test (WAS_digested, U_WAS_digested).
Results and Discussion
Effect of Pretreatment on Batch Digestion and Particle Size of the Sludge
Results obtained from the BMP tests are presented in Figure 1a ,b for substrates (PS, WAS, and SS) and pretreated samples (U_WAS and U_SS). The benefits of ultrasound pretreatment are indicated by the increase of the cumulative methane production and biogas production rate during the initial stage of the digestion experiments. The values of specific methane production (SMP) obtained were similar for the substrates tested, although a higher value for the PS sample would be expected. In addition, the PS sample presented an initial low rate of gas production during digestion, and this behavior was also observable when digesting the mixture (SS sample). This initial trend may be associated with the presence of complex organic material in the PS, probably due to the proximity of a slaughterhouse to the WWTP. The values of SMP for WAS and SS samples were 229 ± 23 and 233 ± 35 mL CH4/g VS, respectively. This value was increased by 14% when evaluating the U_SS sample, while the increment for U_WAS reached 30%. Tiehm et al. [10] investigated the improvement in anaerobic digestion when WAS was pretreated at an ultrasound frequency range of 41-3217 kHz. These authors reported that sludge disintegration was most significant at low frequencies. Low-frequency ultrasound created large cavitation bubbles, and resulted in sludge floc deagglomeration without the destruction of bacterial cells. Longer sonication brought about the break-up of cell walls, and the sludge solids were disintegrated and then dissolved organic compounds were released. The increase in digestion efficiency obtained in the present study could be explained by the deagglomeration of sludge since the ultrasound frequency applied was in the low range (24 kHz and 4300 kJ/Kg TS of energy input).
Results from the particle size analysis are presented in Figure 1c ,d. The inoculum and feedstocks (denoted by adding the term "initial") presented a main peak at around 3-100 μm for the inoculum and 5-300 μm for the feedstocks. The inoculum and SS sample also showed a pronounced secondary peak for particles of greater size (between 100-300 μm for the inoculum and 400-1000 μm for the SS sample), which may be due to the agglomeration of flocs. The PSD of the three digested samples was similar to a main peak placed in the range of 5-100 μm. The digestion process caused a decrease in the mean particle size of the samples. Although the digested sample is affected by the presence of the inoculum, the material under digestion experiences a reduction in the average size of particles, giving as final result a PSD profile with a narrower base.
On the other hand, the pretreated samples presented a similar distribution (peak at around 5-300 μm) but in this case, the graph corresponding to U_SS did not show the greater size particle peak, indicating that the range of sizes narrowed due to the disintegration of sludge flocs. Table 2 shows the mean particle size and specific surface area (SSA) for all samples studied. A decrease in particle size of pretreated samples (U_WAS, U_SS) was observed, with a 15% and 8% reduction, respectively, when compared with WAS and SS samples. This decrease was related to the increase in the SSA parameter (Table 2 ) and methane production in batch tests. With regard to digested samples, the PSD presented in Figure 1e ,f shows a higher content of smaller particles (in the range 5-100 μm) and less disperse profiles for all samples, resulting in a mean particle size value of less than 40 μm, as shown in Table 2 . However, after digestion, the secondary peak (100-300 μm), which was also observed in the inoculum sample, was still present in PSD profiles. Figure 2 shows the evolution of PSD of WAS and U_WAS samples during batch digestion. The first samples of these experiments were composed of a mixture of substrate and inoculum; this explains the lower range of particle sizes shown in these graphs. The previous observation of lower mean particle size due to the pretreatment is still discernible in samples taken at day 0. The pretreated system presents a 9% decrease in particle size when compared with the WAS_D0 sample. Even though the pretreatment caused the destruction of sludge flocs and the release of biopolymers, flocs agglomeration was still observed due to the addition of the inoculum (samples taken at day 0 showed particles with sizes in the range of 500-1000 μm in the PSD graphs). However, these flocs were no longer present in the posterior samples (D14 and digested). The digestion process finally results in a biosolid with small particles presenting both systems with similar PSD profiles (WAS_digested and U_WAS_digested). It has been suggested that the release of biopolymers and inorganic substances caused by the pretreatment and posterior digestion might have a detrimental effect on sludge dewaterability [20, 21] . However, Feng et al. [14] reported an improvement in this parameter (measured by CST and SRF) when applying low ultrasound dosages (<2200 kJ/kg ST), while energy dosages above 4400 kJ/kg TS caused a detriment in these parameters. Shao et al. [22] found that the particle size of sludge flocs had an important effect on dewaterability, and reported a significant correlation between mean particle size and CST when evaluating WAS. In the present research, the dewatering behavior of WAS was examined along with the effect of ultrasound pretreatment and digestion on dewaterability. CST and SRF values obtained are shown in Table 3 .
Dewatering Parameters during the Digestion Process
Pretreatment of WAS resulted in an increase in CST and SRF parameters, thus showing an adverse effect on dewaterability. CST values were also normalized, considering the TSS content in the sample, to take into account the effect of the removal of volatile solids during the digestion process. The CST values obtained also show a similar trend to that previously reported for CST values. Nevertheless, the pretreated system presented a slight improvement on day 14, but this effect is not corroborated when taking into account the content of solids. In this line, CST values calculated presented a slight increase on day 14. During the final stage of digestion, CST values were reduced, reaching values far below those obtained for the original WAS sample. However, when considering normalized CST values, a higher CST value was obtained at the final stage of the digestion when compared to the original WAS sample. On the other hand, the digestion of WAS resulted in a gradual deterioration of sludge dewatering parameters during the initial stage of digestion, but at the end of the process, the detriment in dewaterability is striking, reaching a CST value of more than 2000 s. Even though the mean particle size of WAS and U_WAS digestates presented similar values, the dewatering behavior of digestates varied significantly (Table 3) . Drying curves and water distribution as interpreted by Kopp and Dichtl [23] are shown in Figure 3 . Three zones are described: free water associated with solid particles, interstitial water (trapped inside interstitial spaces of flocs and microorganisms), and chemically bound water. The graph shows results obtained from WAS and U_WAS digestion batch tests. The increase in SSA experienced by the samples after applying ultrasound pretreatment and after digestion may influence the adhesion of water to particles. This would explain the greater amount of water retained, which was in accordance with the suggestion of Lawler et al. [24] about the relevance of SSA over sludge dewaterability, with this being established as one of the most relevant parameters. In addition, the slope of the curve in the interstitial region was higher for digested samples, which may be a positive effect of digestion on the drying process. The time needed for eliminating interstitial water was much higher for the WAS sample. The application of the pretreatment favors its removal, and a similar effect was also observed for digested samples. With regard to the last region of the curve, the difficulty in eliminating bound water from digested samples was similar, regardless of the pretreatment and digestion stage. The shape of the curve and total drying time indicate that the digested samples needed a similar time to complete the drying process even though they started from an initial point of much higher water content. Table 4 shows the performance parameters for the semi-continuous reactor. These values are average data obtained from the last 10 days of operation for each system (R_SS and RU_SS) which corresponded to a period with low deviation in performance. Digestion of SS at an HRT of 21 days resulted in an SMP of 120 mL/g VS, while the use of U_SS enhanced the methane production. The low SMP value obtained for the R_SS reactor was associated with the low degradability of sludge probably due to the high residence time applied in the WWTP for the sludge line and the reception of a stream from a near slaughterhouse. This reactor suffered from a severe VFA build-up probably associated with the low digestibility of the sludge. This particularity was also observed in the batch test by a delay in the gas production rate during the first 10 days of the batch experiment. The work with the semi-continuous reactor led to VFA being accumulated, resulting in an average value greater than 5000 mg/L for total VFA (TVFA) as shown in Table 4 . The pretreatment of the sludge favored its degradability, therefore allowing the decrease in VFA. This is the reason for obtaining SMP values close to those reported for the batch test when evaluating the ultrasound-pretreated sludge but high discrepancies when comparing results from the SS systems. Table 4 . Parameters of reactor performance of R_SS and RU_SS operating under semi-continuous conditions.
Digestion under Semi-Continuous Operation
With regard to the results obtained from the particle size analysis, samples taken from this reactor when digesting U_SS presented a 15% decrease in the mean particle size when compared with the results obtained when digesting SS. These results are in accordance with those reported by Mahmoud et al. [25] , who also described a transformation of bigger flocs into smaller particles during anaerobic digestion of sludge. Digested sludge is usually characterized by particles of much lower size than those of the original substrate, and this was also the case in the present research when batch conditions were tested; however, this was not the case when tests were performed under semi-continuous conditions. The mean particle size of digestates was in the range 30-35 μm under batch conditions, while this value increased to approximately 76-87 μm under semi-continuous conditions (Table 4) . Operating conditions favored the aggregation of particles (Figure 4 ) in a similar way to that observed during the initial stage of batch digestion tests when the substrate and inoculum were mixed. This effect was more pronounced in the R_SS sample, which is characterized by a wide PSD with a mode value of 28.5 μm, while its mean particle size was 87.3 μm. PSD profiles obtained from batch tests were characterized for presenting a narrow base at the end of the digestion process. The digested sample obtained from the SS system presented a characteristic profile with the main peak being centered between 3 to 100 μm and this profile was also reported for the pre-treated SS sample. The differences in the fluid regimen are affecting the PSD. As their main particularity, batch tests present the permanence of all particles inside the reactor from the beginning to the end of the experimental period. On the other hand, for semi-continuous reactors, particles introduced into the reactor experience a residence time which is, on average, equal to the theoretical residence time. The real time that particles spend inside the reactor is dependent on the distribution of the residence times. Therefore, the PSD profile obtained from the semi-continuous operating reactor represents the different sizes of particles which, in turn, are associated with their specific residence time. For this reason these profiles present a wider base with a greater proportion of particles accounting for the range of 100-1000 μm.
Conclusions
The digestion of sewage sludge was significantly enhanced by ultrasound pretreatment around 14% for the batch system. Specific methane production (SMP) was improved by the application of ultrasound due to floc deagglomeration and the increase in specific surface area (SSA), which also favored sludge digestibility. Sonication decreased the mean particle size of the sludge, which favored biogas production, but also affected sludge dewaterability. Under semi-continuous conditions, the reactor treating ultrasound-pretreated sludge presented a successful performance with a specific methane production (SMP) of 224 ± 20 mL/g VS. This reactor presented a better performance than its counterpart digesting sewage sludge (SS). Differences in performance were explained by the physical effects caused by the pre-treatment and by the increase in digestibility of sludge that in turn allowed for the conversion of volatile fatty acids.
Ultrasound pretreatment initially caused a detriment in sludge dewaterability. However, at the end of digestion, the pretreated digestate presented better dewatering performance than its counterpart. Ultrasound improved water removal from digested sludge. The use of particle size analysis proved to be a suitable technique for characterizing the course of digestion and obtaining insight into the process performance. Batch digested samples presented a similar profile with a mean value of a particle size of around 32 μm. Under the semi-continuous condition, the PSD profile is affected by the performance of the system, and therefore this technique presents great potential for evaluating process performance and fluid dynamics in the reactor. Further work will extend these results to evaluate the course of different digestion systems.
